The merging of two divergent genomes in a hybrid is believed to trigger a "genomic shock", 10 disrupting gene regulation and transposable element (TE) silencing. Here, we tested this 11 expectation by comparing the pattern of expression of transposable elements in their native and 12 hybrid genomic context. For this, we sequenced the transcriptome of the Arabidopsis thaliana 13 genotype Col--0, the A. lyrata genotype MN47 and their F1 hybrid. Contrary to expectations, we 14 observe that the level of TE expression in the hybrid is strongly correlated to levels in the 15 parental species. We detect that at most 1.1% of expressed transposable elements belonging to 16 two specific subfamilies change their expression level upon hybridization. Most of these 17 changes, however, are of small magnitude. We observe that the few hybrid--specific 18 modifications in TE expression are more likely to occur when TE insertions are close to genes. 19
Introduction 28
Interspecific hybridization is an important factor in plant evolution: While fertile allopolyploid 29 hybrids may become the founders of new species (Soltis & Soltis 2009 ), the merging of two 30 divergent genomes in a hybrid can also cause mild outbreeding depression or even result in 31 complete incompatibility (Todesco et al., 2016 , Bomblies & Weigel 2007 . At the molecular level, 32 hybridization can lead to a genome--wide misregulation of the transcriptome and epigenome 33 Yet, a recent study of the homoploid hybrid of Arabidopsis thaliana and Arabidopsis lyrata did 38 not report a major disruption of the transcriptome and epigenome. Moderate differences in 39 expression of protein--coding genes were reported and the parental pattern of the histone mark 40 soil and dehydrated on paper for 0h and 3h, in the same growth chamber. The aerial part of the 77 plant was sampled, flash--frozen in liquid nitrogen, and RNA was extracted as previously 78 described (He et al. 2016 ). Four biological replicates were collected in one--week intervals. Two 79 micrograms of total RNA were used for library preparation following the TruSeq® Illumina 80 RNA Sample Preparation v2 Guide. This includes poly--A+ RNA selection and the use of random 81 primers for reverse--transcription. Sequencing was performed on Illumina HiSeq2000 following 82 the manufacturer's protocols and paired--end 100 bp long reads were obtained. 15--20 million 83 paired reads for the parents and 30--40 million reads for the hybrid were produced (Suppl. 84 Table  1 ). RNA--seq reads were filtered and trimmed for quality control as in He et al. 2016 and 85 mapped on the hybrid genome, a concatenation of the A. thaliana Col--0 reference genome 86 (TAIR10, www.arabidopsis.org) and the A. form the genome annotation file used in this analysis. Aligned reads were filtered as follows: for 92 the MN47 genome, only the main scaffolds 1--8 were considered. Read or fragment alignments 93 shorter than 20 or longer than 700 base pairs (bp) were discarded. A minimum alignment score 94 of --33 was required in order to accept an RNA--seq match. We allowed multiple RNA--seq read 95 matches on TEs if they were entirely within a single (super)family, following Pietzenuk et al. 96 2016, and Jin et al. 2015 . A read was assigned to a (super)family F on genome G if its primary 97 match was in F on G, and any secondary matches on G were in F, too. In order to assign a match 98 to a (super)family F, a minimum overlap of 50 bp to a member of F was required. Secondary 99 matches on the alternative genome were allowed but not counted. Each read thus either 100 contributed a single count to a (super)family or was discarded as multiply matching. If a read 101 matched to TE1 .. TEn of family F, the read was defined to contribute 1/n counts to each of these interpretation of the scatterplots and allowing the set--up of a sample--independent cutoff on the 127 absolute expression value at 0 and 10 CPM. 128
Analysis of distance distribution of TEs to neighboring genes 129
Distances of differential and non--differential TEs to the nearest gene or gene 5'--end were 130 binned into classes 0--1 kb, 1--2 kb, 2--3 kb, and ≥ 3 kb. (TEs overlapping a gene were not 131 considered.) A pseudocount of 1 was added to each bin count. A saturated log--linear model of 132 the counts was computed using the R glm() function (family="poisson"), using sum--to--zero 133 contrasts. The p--value for distance d in Supplemental Table 1 is the Pr(>|z|) value of the 134 interaction coefficient between the factors distance category and significance of hybrid--135 dependent TE expression. 136 137
Random expectations of superfamily frequencies 138
To evaluate the enrichment of TEs changing their expression in hybrid background within each 139 superfamily, we computed a random expectation. For this, we used the set of TEs showing 140 differential expression in the hybrid background as a reference set and performed 10,000 141 random re--samplings of the same number of TEs from all TEs with evidence of expression. To 142 account for the skewed distribution of these TEs in the vicinity of non--TE genes, both the 143 reference set and the set of all TEs were binned by distance to the closest gene 5'--end. For each 144 bin of the reference sample, the same number of TEs as contained in the bin was randomly 145 selected from the corresponding distance bin of all TEs. The union of the re--sampled bins then 146 formed one re--sampled set. The width of the bins increased with increasing distance: up to a 147 distance of 1 kb, the bin width was 200 base pairs (bp), between 1 and 5 kb it was 500 bp, and 148 beyond 5 kb it was 1000 bp, to avoid having bins with sparse numbers of TEs. A median, 5% and 149 95% quantile of each superfamily frequency was extracted from the 10,000 random samples
Chromatin immune--precipitation experiments 152
Plants were germinated and grown on germination medium containing ½ Murashige and Skoog 153 salts, 3% sucrose, and 0.8% agar. Seeds were stratified for 5 days at 4°C, and then transferred to 154 a growth chamber under long--day conditions (14 hours cool white light supplemented with red 155 light at 20°C, and 10 hours dark at 18°C). One week after germination, plants were transferred 156 to soil and grown in the same chamber. Finally, leaves larger than 0.5 cm were sampled from 3 157 weeks--old Col--0, and 6--weeks--old MN47 and F1 hybrids for chromatin immunoprecipitation 158 Technologies, Santa Clara, USA) and diluted to 9 pM. Emulsion PCR was performed on the Ion 179 OneTouch System, followed by enrichment for template positive Ion Sphere Particles. 180
Sequencing sample was loaded on an Ion Proton chip and sequenced on the Ion proton 181 sequencer (Thermo Fisher Scientific) according to the manufacturer's instructions. 182
ChIP--seq read processing, mapping and peak detection 183
Raw data were pre--processed using the TORRENT SUITE version 4.0.1 (Thermo Fisher Scientific, 184
Waltham, Massachusetts) to trim adapter sequences. Using the FASTX--Toolkit 185 (http://hannonlab.cshl.edu/fastx_toolkit/), reads were then trimmed from the 3´ end to remove 186 low quality bases (phred < 15). Reads shorter than 30 bases and reads of poor overall quality 187 (more than half of the bases with phred < 20) were discarded. The mapping of the reads was 188 performed with bowtie2 (Langmead and Salzberg, 2012), with the end--to--end parameter, 189 without allowing mismatches in the seed (--N 0), and allowing for up to two alignments per read 190 (--k 2); although then only the best alignment was kept. All samples were mapped to a hybrid 191 reference genome obtained by concatenating the genomes of the parent as described above for 192
RNAseq read mapping. Cross--hybridization between genomes was negligible. A summary of 193
ChIP seq read data is given in Suppl. Table 2 . respectively in the hybrid). Only a small fraction (maximally 2%) of the expressed TEs of both 219 genomes were significantly differentially expressed between parental and hybrid backgrounds, 220 using different cutoffs to define significance (Table 1) . Moreover, this percentage dropped 221 below 0.5% when the median expression was required to be above 10 CPM in at least one of the 222 two backgrounds (Table1). These observations show that TE transcription is not severely 223 disturbed in the hybrid. 224
Specific rather than global effects act on TE expression in the hybrid 225
In order to investigate the effect of hybridization at the levels of individual elements, families 226 and superfamilies of TEs, we correlated expression of individual TEs and combined expression levels of TE families between parents and hybrids ( Fig. 1 ). While TE transcription in the two 228 genetic backgrounds correlated well at all levels, the correlation increased from the individual 229
TEs to the family and superfamily levels. Spearman's rank correlation of the median expression 230 of replicates in the two backgrounds under control conditions was 0.73, 0.89, 0.97 on the three 231 levels of individual TE, family, and superfamily, respectively in A. thaliana, and 0.65, 0.86, 0.91, 232 respectively in A. lyrata. Including four replicates in the RNA--seq analysis was necessary to 233 establish these relationships with increased confidence. Using subsets of only two replicates, for 234 example, reduced the parent--hybrid correlation coefficient of TE expression to 0.53, 0.77, 0.87 235 on the three levels for A. thaliana, and to 0.51, 0.84, 0.89, respectively for A. lyrata. 236
The small subset of TEs with significantly different expression between parent and hybrid was 237 restricted to lower level units (individual TEs and families), indicating that the differences are 238 case--specific rather than caused by a global disruption of TE silencing. 239
In A. lyrata, the 59 (0.8%) TEs that respond significantly to hybridization at FDR ≤ 0.01 were 240 generally induced. In A. thaliana, the 5 (0.3%) affected elements were either induced or 241 represented relative to the set of expressed TEs (≥ 1 RNA--seq count, permutation test, FDR < 245 0.05). The fact that only a small number of TE families showed enrichment for differential 246 expressed elements indicates that hybridization does not have a global effect on TE expression. 247
Rare TE expression changes coincide with alterations in nearby gene expression 248
TEs can change expression of nearby genes by influencing the methylation patterns. We 249 therefore asked whether hybrid--specific expression changes of TEs predict a corresponding 250 change in neighboring genes. 251
Compared to TEs with expression not affected by hybridization, A. lyrata TEs expressed 252
differentially in the hybrid were depleted in genome regions distant more than ≥ 3 kb from the 253 closest gene 5' ends (log--linear model, p ≤ 5 x 10--4, Table 2 ). In addition, counts of 254 hybridization--sensitive TEs were enriched in the bins 1--2 kb upstream of gene 5'--ends (log--255 linear model, p ≤ 0.01, Table  2 ). This indicates a preferential location of hybridization--sensitive 256
TEs in euchromatic, gene--rich regions in A. lyrata. In A. thaliana, there were too few 257 differentially expressed TEs in the hybrid background to reliably compare the distance 258
distributions. 259
We further analyzed if changed expression of TEs and their neighboring genes in a hybrid 260 background were correlated. Hybrid--specific changes in transcription levels of non--TE genes 261 have already been reported (Zhu et al. 2017 ). We also quantified non--TE gene expression levels 262 in parents and hybrids. Note that in our experiment, the timing of sampling accounted for the 263 superfamilies, respectively (Fig. 3C ). Note however that the Col--0 H3K27me3 ChIP--seq 306 experiments yielded a comparatively lower number of reads (Suppl. Table 2) . 307
We tested then whether changes in histone mark occupancy could explain TE expression 308 differences between parents and hybrids. TEs with a modified expression level in hybrid 309 background generally showed similar H3K27me3 level in parent and hybrid (Fig. 4) . When a 310 departure in epigenetic levels was detected between parents and hybrids, the direction of the 311 change in expression of the TE was not necessarily in the expected direction (Fig.  4) . A. lyrata 312 TEs with a modified expression level in hybrid background also generally showed similar 313
H3K9me2 mark levels in parents and hybrids. We detected a concordant loss of H3K9me2 314 marks and increased expression in the hybrid for 6 A. lyrata TEs (Fig. 4) . But there again, we 315 observed for 2 TEs that the change in H3K9me2 occupancy did not reflect the change in 316 expression. Altogether, in our data, a differential deposition of epigenetic marks in the hybrid is 317 rare and generally does not coincide with hybrid--dependent changes in TE expression. 318
Robustness of TE expression to hybridization is maintained under stress conditions 319
It is assumed that transposition activity is induced by stress conditions (McClintock 1984 , 320 Cavrak et al. 2014 ). Dehydration stress is associated with a vast transcriptome reprogramming 321 (Matsui et al. 2008 ). We analyzed the dependence of transcript abundance upon interspecific 322 hybridization for TEs and non--TE genes under strong drought stress conditions in the same way 323 as described for control conditions. Having found that TEs with a hybrid specific expression 324 change tend to be close to genes, and given the reprogramming of the gene transcriptome by the 325 stress, we asked whether TE regulation was robust to hybridization even under stress 326 conditions. In our data, 30--40% of the genes of both species changed expression after 3h of 327 dehydration, with similar proportions in the parental and hybrid backgrounds. The fraction of 328 stress responsive TEs was much smaller: 3--4% on the A. thaliana genome and 2--3% for A. lyrata 329 (not shown). While the fraction of A. thaliana TEs with a significant expression difference between parent and hybrid is higher under dehydration stress than under control conditions, 331 both the absolute numbers (4 up, 14 down) and the fraction (1.1% of all TEs with read count ≥1) 332 remained small (Table 3 ). The fraction of responding A. lyrata TEs decreased slightly compared 333 to control conditions, and again the numbers remained small (33 up, 18 down, fraction 0.7%). 334
The percentage dropped below 0.5% if an expression level of ≥10 CPM in at least one of the 335 backgrounds was required (Table 3) . Like under control conditions, the correlation of TE 336 expression levels between parents and hybrids increased at the family and superfamily levels. 337
The Spearman's rank correlation of the replicates' median expression in the two backgrounds 338 was (0.7, 0.81, 0.83) for A. thaliana, and (0.67, 0.91, 0.94) for A. lyrata, for individual, family and 339 superfamily levels, respectively. Interestingly, we observed that more TEs were down--regulated 340 in the hybrids compared to the parents under stress conditions than under standard conditions 341 ( Fig. 5A, Table 3 ). Only the Harbinger and LINE_L1 superfamiles were enriched among 342 expressed A. lyrata TEs in stress conditions ( Fig.  5B ; permutation test using TEs with ≥ 1 RNA--343 seq count as reference, FDR < 0.05). This further corroborates the conclusion that in our two 344 species, TE regulation is robust to hybridization even under stress conditions. 345 346
Discussion 347

No evidence for a genome shock upon hybridization of A. lyrata and A. thaliana 348
The term "genomic shock, was initially used to describe the breakage and large scale 349 We observe that only a handful of specific TEs show a change in expression in hybrids. In 379 addition, the changes in TE expression are generally of small magnitude. We further show that 380 the distribution of silencing epigenetic marks is strongly correlated in parents and hybrids, and stress, a large number of genes change their transcriptional activity (Matsui et al. 2008 ). This 383 broad genome--wide remodeling of transcriptional activity, however, far from inducing a 384 severed genome shock, tends to increase the robustness of TE expression patterns to 385 hybridization. These findings thus suggest that stress does not increase the impact of 386 hybridization, further supporting the idea that the control of TE elements is robust to genome 387 merging. Although these observations partially contradict previous reports, they are not 388 isolated. In recent years, an increasing number of studies, mostly conducted in the Brassicaceae 389 family, has begun to report cases where hybridization does not massively alter gene regulation 390 The contradiction between these studies and previous reports may have various explanations. 392
First, it is striking to note that many of the studies that conclude on the absence of a global gene 393 expression dysregulation were conducted in species with well--known genomes, where gene 394 expression levels can be quantified with the best accuracy. They were not conducted in 395 polyploids with large and imperfectly assembled genomes. Second, biological and experimental 396 variance between replicates affects the strength of the correlation of expression in parental vs. 397 hybrid backgrounds, and thus the apparent global impact of hybridization. Finally, it is 398 necessary to contrast diverse sources of information to test whether hybridization has a broad 399 impact on gene regulation. In the allotetraploid A. suecica, modification in siRNA levels was not 400 associated with non--additive gene expression in newly formed allopolyploids, suggesting that 401 changes in siRNA expression were not the result of epigenetic disorganization in the hybrid (Ha 402 et al. 2009 ). Similarly, in Arabidopsis homoploid hybrids, we observed that hybrid--specific TE 403 expression changes do not coincide with obvious epigenetic changes, a pattern also reported for 404 protein--coding genes (Zhu et al. 2017 ). Taken together, the different molecular datasets used in 405 this study show that TE expression and the distribution of epigenetic marks, which control gene 406 expression, are not massively disorganized in hybrids.
The comparative analysis of gene expression in hybrids and their parents reflects the variability 409
of trans--and cis--regulatory mechanisms controlling gene expression in the two species 410 (Wittkopp et al. 2004). After hybridization, changes in total expression will simply reflect the 411 number and magnitude of trans--regulatory differences between species, whereas the specific 412 cis--regulatory variant of each transcript will result in allelic expression differences. These 413 differences will manifest in hybrids on a restricted number of genes or elements, which does not 414
imply that there is a major "genomic shock". 415
Only trans--acting differences will have non--additive consequences on expression. In fungi and 416 cotton allopolyploid, more than 50% of homeologous genes inherit the expression pattern of the 417 Here, focusing on the trans--acting effect of the passage from a native parental background to a 433 hybrid background on TE expression, we show that at most 1--2% of expressed TEs have expression that is differentially controlled in trans. Several elements indicate that these trans--435 acting effects may be associated with interspecific differences in mechanisms of gene regulation 436 in euchromatic regions. When combined in a hybrid, these trans--acting differences modify the 437 regulatory environment of a few TE sub--families. Indeed, the small proportion of TEs with 438 differential expression in hybrids tend to be located in the vicinity of genes. Interspecific 439 differences in the regulation of euchromatic regions are however likely to be minor, given the 440 small number of elements affected. Cis--effects have not been examined in this study, because orthologous relationships cannot be 447 established for most TEs, but for the subset of TEs that are located in orthologous positions in 448 both species, A. lyrata TEs tend to be more highly expressed (He et al.2012) . 449
Incompatibilities can also have an oligogenic basis 450
It may seem at first surprising that TE silencing shows so little disruption in interspecific A. information of TEs with a significant change in expression in the hybrid to either the nearest 480 gene (any orientation) or the nearest 5' of any gene. Numbers of significant and non--significant TEs are listed for each distance bin (FDR 0.01). In the lower part, p--values are given for the 482 contribution of each distance bin to the difference between the distributions of significant and 483 non--significant TEs (see Methods). Bins with significant depletion or enrichment in significant 484
TEs are highlighted in blue and orange, respectively. 485 486 Single black stars mark superfamilies whose observed count is significantly higher than 505 expected from random expectations. Grey stars indicate depletion (maximally 5% of the 506 universe have counts ≤ the observed count of the respective superfamily). Double stars indicate 507 significant enrichment or depletion that is robust to FDR correction. 508 509 indicate the 5% and 95% quantile of the 10,000 random draws. Single black stars mark 552 superfamilies whose observed count is significantly higher than expected from random 553 expectations. Grey stars indicate depletion (maximally 5% of the universe have counts ≤ the 554 observed count of the respective superfamily). Double stars indicate significant enrichment or 555 depletion that is robust to FDR correction. showing hybrid--dependent expression above a threshold of 10 CPM in each TE superfamily. 566
Each color corresponds to one family as indicated in the legend. Transparent bars indicate 567 expected median count for random sampling within each superfamily. Error bars indicate the 5% 568 and 95% quantile of the 10,000 random draws. Single black stars mark superfamilies whose 569 observed count is significantly higher than expected from random expectations. Grey stars 570 indicate depletion (maximally 5% of the universe have counts ≤ the observed count of the 571 respective superfamily). Double stars indicate significant enrichment or depletion that is robust 572 to FDR correction. Error bars indicate the 5% and 95% quantile of the 10,000 random draws. Single black stars mark superfamilies whose observed count is significantly higher than expected from random expectations. Grey stars indicate depletion (maximally 5% of the universe have counts ≤ the observed count of the respective superfamily). Double stars indicate significant enrichment or depletion that is robust to FDR correction.
